STUDY DESIGN To assess whether warfarin dose requirement, anticoagulation control, and risk of hemorrhage differ in kidney transplant recipients (KTRs) compared with patients without kidney transplants (non-KTRs). DESIGN Analysis of data from the Warfarin Pharmacogenetics Cohort, a prospective cohort of first-time warfarin users followed at two anticoagulation clinics. SETTING Two outpatient anticoagulation clinics at two large, academic, tertiary care hospitals. PATIENTS Adults aged 20 years or older starting warfarin for anticoagulation with a therapeutic international normalized ratio (INR) goal of 2-3 who were KTRs (n=65) or non-KTRs (n=1630). MEASUREMENTS AND MAIN RESULTS Warfarin dose requirement, anticoagulation control, and risk of hemorrhage were assessed in each group. KTRs required an approximately 20% lower warfarin dose (4.7 vs 5.6 mg/day, p=0.0005) compared with non-KTRs. Genetic variants had similar effects on dose in both groups. Mean percentage of time in therapeutic range (PTTR) was similar among KTRs and non-KTRs. Although the proportion of patients achieving good anticoagulation control (PTTR ≥ 60%) was low in both groups, it was similar among KTRs and nonKTRs. KTRs had a higher risk of major hemorrhage (hazard ratio 2.1, p=0.0081), but this difference was not statistically significant after controlling for kidney function, clinical, and genetic factors. CONCLUSION KTRs initiating warfarin require lower doses and closer monitoring to optimize anticoagulation therapy. Additional studies are needed to confirm these findings.
Patients with chronic kidney disease (CKD) are known to be at higher risk of venous thromboembolism (VTE), with the risk increasing as estimated glomerular filtration rate (eGFR) decreases. 1, 2 Increased risk of VTE appears to continue after kidney transplantation, not only in the immediate perioperative period as might be expected, but persisting up to 10 years posttransplantation. 3 Patients with CKD who develop VTE are also at increased risk of serious complications, with one study finding creatinine clearance < 30 mL/minute to be an independent risk factor for fatal pulmonary embolism and fatal bleeding. 4 The prevalence of atrial fibrillation (AF) in patients receiving chronic hemodialysis is estimated to be 13-27%, at least 10-fold higher than that in the general population. 5 New-onset AF is also common after kidney transplantation, with one study observing a 7.3% incidence at 36 months posttransplantation. 6 AF is associated with poor clinical outcomes in kidney transplant recipients (KTRs), as it has been shown to be an independent risk factor for mortality and allograft loss. 6, 7 Warfarin is a commonly used oral anticoagulant for treatment of clotting disorders and prevention of AF-related stroke. Recent evidence suggests that although warfarin is metabolized in the liver, renal function significantly affects warfarin dosing and toxicity. 8, 9 Patients with CKD have a higher frequency of supratherapeutic international normalized ratios (INRs), and the risk of warfarin-associated hemorrhage is increased in patients with lower eGFRs. 8, 9 Warfarin dosing in KTRs is complicated, not only due to decreased eGFR, but also by concurrent use of medications that interact with the cytochrome P450 (CYP) system such as corticosteroids, tacrolimus, and sulfamethoxazoletrimethoprim. Therefore, KTRs who are prescribed warfarin may be at higher risk of serious complications from suboptimal anticoagulation control, and, to our knowledge, there are no clinical guidelines on how to adjust warfarin dosing in this subgroup. Despite many of these patients having a clinical indication for anticoagulation, there is little information available on warfarin dosing and safety in KTRs.
10, 11 A recent study using Medicare and United States Renal Data System (USRDS) data to evaluate KTRs with AF suggested that there was no significant difference in outcomes of death or allograft failure between those prescribed and not prescribed warfarin. 12 This study was limited in that diagnoses and medication information were derived from International Statistical Classification of Diseases and Related Health Problems codes and Medicare claims.
The objective of this study was to assess whether warfarin dose requirement, anticoagulation control, and risk of hemorrhage differ in KTRs compared with non-KTRs.
Methods

Warfarin Pharmacogenetics Cohort
We analyzed data from the Warfarin Pharmacogenetics Cohort (WPC), a prospective cohort of first-time warfarin users who were followed at two anticoagulation clinics-University of Alabama at Birmingham (Birmingham, AL) and Emory University (Atlanta, GA). The study was approved by the institutional review boards at both centers (IRB protocol X131122001), and the study was conducted with ethical principles in accordance with the Declaration of Helsinki. The characteristics of this cohort have been described in previous publications. [13] [14] [15] [16] [17] Briefly, inclusion criteria were adults aged 20 years or older starting warfarin for anticoagulation with a target INR of 2-3. Patients had a variety of indications for anticoagulation including VTE, AF, stroke, and myocardial infarction. The cohort included patients who had undergone kidney transplantation as well as those who had CKD (eGFR < 60 mL/min/1.73 m 2 ). Patients who required target INR ranges above or below 2-3 were excluded, as were patients with hepatic impairment (elevated bilirubin or transaminase levels, or INR > 1.5 at baseline).
Patient Monitoring and Data Assessments
Patients were monitored at monthly clinic visits after initiation of warfarin for a period of up to 2 years. KTRs and non-KTRs followed the same protocol for monitoring and warfarin dose titration at the anticoagulation clinic. KTRs who received warfarin before transplantation were excluded from our analysis. Following enrollment in the WPC, detailed demographics, medical history, and social history were obtained as well as baseline laboratory test results, as detailed in previous publications. [13] [14] [15] [16] [17] At subsequent clinic visits, data on warfarin dose, INR, active medications, and dietary history were collected. Use of medications known to interact with warfarin was verified through review of the participant's medical and pharmacy records.
Single nucleotide polymorphisms in the following genes known to influence warfarin metabolism were assessed:
, and CYP2C (rs12777823). [13] [14] [15] [16] [17] Hardy-Weinberg equilibrium was verified for all single nucleotide polymorphisms (p>0.20).
eGFR was estimated by using the four-variable Modification of Diet in Renal Disease (MDRD) study equation for KTRs and non-KTRs. 18 Patients were categorized into three groups based on eGFR at time of enrollment: ≥ 60, 30-59, and < 30 mL/min/1.73 m 2 .
Outcome Definitions
Warfarin dose (mg/day) was defined as the average dose required to maintain INR within the therapeutic range (2-3) and was log transformed to attain normality of residuals. All patients had at least one INR within the target range.
Anticoagulation control was based on percentage of time in therapeutic range (PTTR) that was calculated for each patient using the Rosendaal linear interpolation method. 19 Patients with a PTTR ≥ 60% were considered to have attained good anticoagulation control. 20 As low PTTR is a recognized risk factor of hemorrhage, and PTTR ≤ 60% is a predictor for hemorrhage among warfarin users, we accounted for its influence when evaluating the association of transplant status (KTRs and non-KTRs) and hemorrhage. We also reported the percentage of time above therapeutic range (PTAR) and percentage of time below therapeutic range (PTBR).
Overanticoagulation was defined as INR ≥ 4. Only serious, life-threatening or fatal bleeding episodes were classified as hemorrhagic events. 21 INRs above the upper limit of the therapeutic range that were not associated with clinical bleeding were not classified as hemorrhagic events. Hemorrhagic episodes were collected through review of hospital admissions, emergency department visits, and death records. All complications were adjudicated independently by the medical director of the anticoagulation clinic. Only adjudicated events were included in the analyses.
Statistical Analysis Group differences were tested by using analysis of variance for continuous variables and v 2 test of independence for categorical variables.
The assumption of Hardy-Weinberg equilibrium was assessed by using the v 2 test. We evaluated the association between transplant status and warfarin dose by using multivariable linear regression to account for demographics, clinical characteristics, concurrent medications, and genetic variants. Regression coefficients were used to calculate a percent dose change for relevant clinical and genetic coefficients compared to the referent patient. Similar models for PTTR were implemented.
We used a proportional hazard (PH) model to assess the influence of transplant status on the risk of overanticoagulation (INR ≥ 4) and major hemorrhage. Dependence among multiple events for each individual was corrected by using robust variance estimation, and 95% confidence intervals (CIs) for the hazard ratios (HRs) were assessed. Deviations from the PH expectations were evaluated by investigating the interactions between predictor variables and survival time.
All statistical analyses were performed by using SAS statistical analysis software, version 9.3, at a significance level of 0.05.
Results
Baseline characteristics of the study cohort are described in Table 1 . The mean AE SD age of participants was 61.0 AE 15.8 years, with African Americans constituting 44% of the cohort and women 48%. A total of 65 (3.8%) participants were KTRs and were younger than non-KTRs (p<0.001). KTRs were more likely to be taking warfarin to prevent VTE (p=0.004) and have a history of hypertension (p=0.029). KTRs were more likely to be on concurrent statin therapy (80% vs 54.7%, p<0.001) and more likely to be on amiodarone (20% vs 9.9%, p=0.018) with coexistent AF. As expected, KTRs had significantly lower eGFRs and required lower warfarin doses to maintain therapeutic INR (4.7 vs 5.6 mg/day, p=0.0005). A majority of KTRs were treated with a calcineurin inhibitor (80% [52/65 patients]), mycophenolate (71%), and corticosteroids (78%). Possession of pharmacogenetic variants known to influence warfarin response did not significantly differ by transplant status.
The association of transplant status with warfarin dose needed for the maintenance of therapeutic anticoagulation is presented in Time to attainment of therapeutic INR (INR ≥ 2) was shorter among KTRs compared to nonKTRs (Table 3) . However, KTRs were monitored more frequently compared to non-KTRs (2.74 vs 2.26 visits/patient/month, p<0.005). As expected based on the higher prevalence of VTE indication for therapy, which requires a shorter duration of treatment compared to AF, the follow-up time accrued was shorter for KTRs (14.0 vs 16.4 months/patient, p=0.046).
Quality of Anticoagulation Control
A high frequency of poor anticoagulation control (PTTR < 60%) was observed in both KTRs and non-KTRs (72.3% and 62.8%, respectively); however, there was no statistically significant difference in PTTR by transplant status. The difference in PTTR remained unchanged after adjustment for demographic and clinical variables, including eGFR and genetic variants known to influence warfarin response (p=0.34). KTRs also had a greater PTBR (p=0.03) compared to non-KTRs.
Risk of Overanticoagulation
Transplant status was associated with risk of overanticoagulation (INR > 4): HR 1.8 (95% CI 1.3-2.3, p=0.002). However, after adjustment for demographic, clinical, and genetic variables, transplant status was no longer associated with overanticoagulation risk (HR 1.4, 95% CI 0.94-2.0, p=0.11).
Incidence (Absolute Risk) of Hemorrhagic Events
One hundred eighty-six hemorrhagic events occurred during 2143.5 person-years of followup (incidence rate [IR] 8.7/100 person-years, 95% CI 7.5-10.0). Compared to non-KTRs (8.3/ 100 person-years, 95% CI 7.1-9.7), KTRs (18.3/ 100 person-years, 95% CI 10.0 -30.7) had a higher incidence of major hemorrhage (IR 2.1, 95% CI 1.2 -3.7, p=0.01). Major hemorrhages by site included gastrointestinal (60%), genitourinary (12.9%), retroperitoneal (4.3%), intracranial bleeds (8.6%), hemoptysis (2.9%), and hematomas (11.4%) and did not significantly differ by transplant status.
Relative Risk of Hemorrhagic Events
Compared to non-KTRs, KTRs had a 2-fold risk of major hemorrhage (HR 2.1, 95% CI 1.2-3.8, p=0.008; Figure 1a ). However, after accounting for kidney function, clinical, and genetic factors, the difference in risk was not statistically significant (HR 1.44, 95% CI 0.73-2.84, p=0.29; Figure 1b ). Older age (p=0.035), The referent patient was a 40-year-old, European American man without a kidney transplant with an eGFR > 60 mL/min/1.73 m 2 , BMI 25 kg/m 2 , with no congestive heart failure (left ventricular ejection fraction > 55%), not taking amiodarone, and not possessing variants in CYP2C9*2, CYP2C9*3, CYP4F2, and VKORC1; and CYP2C9*5, *6, and *11 together; and rs12777823. African American race (p=0.036), hypertension (p=0.016), concurrent use of an antiplatelet agent (p=0.01), poor kidney function (p=0.006), and PTTR < 60% (p<0.0001) were associated with an increased risk of hemorrhage.
Discussion
Patients with CKD have significant cardiovascular disease burden that persists after kidney transplantation, 22 including comorbid conditions such as AF and VTE, which frequently require initiation of oral anticoagulant therapy. 5, 23 When oral anticoagulation is required among persons with advanced CKD (eGFR < 30 mL/ min/1.73 m 2 ), warfarin is the drug most often chosen, as some non-vitamin K antagonist oral anticoagulants are contraindicated in these patients. 24 Notably, there are limited data on response to anticoagulants among patients with advanced CKD, 25 and we found no data on warfarin response among transplant recipients. To our knowledge, this is the first study to evaluate warfarin response in KTRs. We found that KTRs receiving warfarin required lower therapeutic doses and may have a higher risk of hemorrhagic complications due to multiple comorbidities present in this population.
Recognition of the influence of clinical and genetic factors on warfarin dose has spurred the development of dosing algorithms. [15] [16] [17] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] Among these, the warfarin dosing algorithm 15, 34 In the present study, we showed that an additional lowering of warfarin dose is required in KTRs independent of allograft function. Table 2 can be used as a resource to guide dose selection based on patient-specific clinical, demographic, and genetic characteristics.
Several important clinical observations were made concerning anticoagulation control that may help to guide warfarin use in patients with kidney transplants. KTRs reached a therapeutic INR faster than non-KTRs. However, this may be accounted for by more frequent visits per patient. KTRs spent less time within the target therapeutic INR range, although there was not a statistically significant difference after accounting for clinical and genetic factors. This difference may have been attenuated, however, as KTRs also had more frequent INR monitoring than non-KTRs. KTRs were also found to have more time below the therapeutic INR range than non-KTRs. KTRs taking warfarin had increased risk of overanticoagulation and hemorrhage, but these risks were not statistically significant after controlling for relevant clinical and genetic factors. These data suggest that warfarin can be safely prescribed in KTRs but that close therapeutic monitoring is necessary to maintain the target level of anticoagulation in this complex population.
There are no clear guidelines for the management of disorders requiring anticoagulation, such as AF, in patients with advanced CKD. Platelet dysfunction and alterations in the coagulation cascade can complicate the use of anticoagulants in patients with CKD. 25 We have previously shown that patients with CKD have slower rates of INR reversal when presenting with overanticoagulation than do patients with normal renal function. 8 This finding has led us to hypothesize that patients with CKD have a slower rate of carboxylation of clotting factors. Given the observation in this study that KTRs require a lower warfarin dose independent of renal function, we can also hypothesize that KTRs have decreased clotting factor carboxylation beyond what would be predicted by renal function as estimated by serum creatinine concentration. Further studies are needed to assess these hypotheses.
This study has several strengths in that it evaluated warfarin dosing and safety in a high-risk population using a large well-phenotyped prospective cohort accounting for the influence of clinical, demographic, and genetic factors. The prospective follow-up documented anticoagulation control and assessment of major hemorrhage objectively. However, we recognize limitations of the study, including lack of availability of data on proteinuria to refine assessment of kidney function. Our study was not designed to elucidate the mechanisms by which transplant status may influence warfarin response, and the lower warfarin dose observed in KTRs compared to non-KTRs may be influenced by transplant medications such as tacrolimus and prednisone, which the majority of KTRs in our cohort were taking. Tacrolimusbased immunosuppression is the current standard of care at many transplant centers in the United States; however, KTRs receiving alternate immunosuppressive regimens may not require the same warfarin dose reduction as was observed here. Sulfamethoxazole-trimethoprim is also commonly prescribed to KTRs posttransplantation for pneumocystis prophylaxis. As it inhibits CYP2C9, the principal enzyme that metabolizes warfarin, co-therapy is associated with lower warfarin dose requirements. However, we could not assess the effect of this medication on warfarin dose as our cohort enrolled patients at inception of warfarin therapy, which occurred at varying time points posttransplantation. Transplant status was not associated with an increased risk of major hemorrhage after accounting for kidney (or allograft) function and clinical and genetic factors. These findings need to be confirmed in larger independent cohorts.
Conclusion
Although patients with CKD have an increased risk of hemorrhage while taking warfarin, 8 studies support the net clinical benefit of its use in reducing the risk of stroke and mortality. 36 Our observations suggest that warfarin may need to be initiated at a lower dose and monitored more closely in kidney transplant recipients than in the general medical population. Although KTRs were observed to have an increased rate of major hemorrhage, it is important to recognize that this risk was not statistically significant after adjustment for relevant covariates. There are limited data on warfarin's effectiveness in preventing recurrent systemic thromboembolism and on clinical outcomes in this subgroup. However, clinicians also need to understand the thromboembolic risk associated with withholding of warfarin therapy in KTRs. Perhaps ongoing and future research efforts, evaluating thromboembolic and hemorrhagic events, can confirm these findings and assess the net clinical benefit of warfarin use in these unique and medically challenging patients.
